We have updated predictions for high energy neutrino and antineutrino charged current crosssections within the conventional DGLAP formalism of NLO QCD using a modern PDF fit to HERA data, which also accounts in a systematic way for PDF uncertainties deriving from both model uncertainties and from the experimental uncertainties of the input data sets. Furthermore the PDFs are determined using an improved treatment of heavy quark thresholds. A measurement of the neutrino cross-section much below these predictions would signal the need for extension of the conventional formalism as in BFKL resummation, or even gluon recombination effects as in the colour glass condensate model.
II. FORMALISM
Parton Density Function (PDF) determinations are global fits [1, 30, 32, 33, 34] , which use inclusive cross-section data and structure function measurements from deep inelastic lepton hadron scattering (DIS) data. The kinematics of lepton hadron scattering is described in terms of the variables Q 2 , Bjorken x, and y which measures the energy transfer between the lepton and hadron systems.
The double differential charged current (CC) cross-section for neutrino and antineutrino production on isoscalar nucleon targets are given by [35] ,
where the reduced cross-sections σ r (ν(ν)N ) are given by
and
where the structure functions F 2 , xF 3 and F L are related directly to quark momentum distributions. The QCD predictions for these structure functions are obtained by solving the DGLAP evolution equations at NLO in the MS scheme with the renormalisation and factorization scales both chosen to be Q 2 . These equations yield the PDFs at all values of Q 2 provided these distributions have been input as functions of x at some input scale Q 2 0 . The resulting PDFs are then convoluted with coefficient functions, in order to obtain the structure functions.
We use the PDF fit formalism of the published ZEUS-S global PDF analysis [1] , but this fit is updated as follows. First, the range of the calculation has been extended up to Q 2 = 10 12 GeV 2 and down to x = 10 −12 . Second, all inclusive cross-section data for neutral and charged current reactions from ZEUS HERA-I running (1994) (1995) (1996) (1997) (1998) (1999) (2000) are included in the fit. Third, the parametrization is extended from 11 to 13 free parameters, input at Q 2 0 = 7 GeV 2 . In summary, the PDFs for u valence quarks (xu v (x)), d valence quarks (xd v (x)), total sea quarks (xS(x)), and the gluon (xg(x)), are each parametrized by the form
where P (x) = 1 + p 5 x. The strong coupling constant is taken to be α s (M 2 Z ) = 0.118 [36] . The total sea contribution is xS = 2x(ū +d +s +c +b), whereq = q sea for each flavour, u = u v + u sea , d = d v + d sea and q = q sea for all other flavours. The flavour structure of the light quark sea allows for the violation of the Gottfried sum rule such that x(d −ū) is non-zero, but only the normalisation of this quantity is free, the shape being fixed in accordance with E866 Drell-Yan data [37] . A suppression of the strange sea with respect to the non-strange sea of a factor of 2 at Q 2 0 is also imposed, consistent with neutrino induced dimuon data from CCFR [38] . The normalisation parameters, p 1 , for the d and u valence and for the gluon are constrained to impose the number sum-rules and momentum sum-rule. The low-x shape parameters p 2 for the u and d valence quarks are set equal. Finally there are 13 free PDF parameters. Reasonable variations of these assumptions about the input parametrization are included in the model uncertainties on the output PDFs.
A more important source of uncertainties on the PDFs comes from the experimental uncertainties on the input data. The PDFs are presented with full accounting for uncertainties from correlated systematic errors (as well as from statistical and uncorrelated sources) using the conservative OFFSET method. The uncertainty bands should be regarded as 68% confidence limits. A full discussion of approaches to estimating PDF uncertainties is given in [1, 27] . The PDF uncertainties from this updated ZEUS-S-13 fit are comparable to those on the published ZEUS-S fit [1], as well as the most recent fits of the CTEQ [33, 34] and MRST [30, 32] groups.
Previous work [15] treated heavy quark production by using a zero-mass variable flavour number scheme, with slowrescaling at the b to t threshold. Although, as explained in Section III, the exact treatment of the b → t threshold is not very important for the estimation of high energy neutrino cross-sections, it is important to use a correct treatment of heavy quark thresholds when determining the PDFs. We note that the central values of the sea quark distributions of the most recent CTEQ6.5 analysis [34] which uses a general mass variable flavour scheme for heavy quarks, lie outside the 90% CL uncertainty estimates of the previous CTEQ6.1 analysis [33] , which used a zero-mass variable flavour number scheme (as did all previous CTEQ analyses). This difference is significant for lower Q 2 ( < ∼ 5000 GeV 2 ) and middling x (5 × 10 −5 < ∼ x < ∼ 5 × 10 −2 ) and this is a kinematic region of relevance to the present study. The heavy quark production scheme used in the present fit is the general mass variable flavour number scheme of Roberts and Thorne [28, 29] . The central values of both the CTEQ6.5 PDF analysis [34] and the MRST2004 NLO analysis [31] (which also uses a general-mass variable flavour number scheme) lie within, or very close to, the uncertainty bands of the present analysis over the entire kinematic region of interest. 
III. RESULTS
At very small x and high Q 2 , the νN cross-section is dominated by sea quarks produced by gluon splitting g → qq. In this kinematic region, the parametrisation of the gluon momentum distribution is approximately: Figure 1 shows the predicted sea and gluon distributions from the present PDF fit and their fractional uncertainties, at various Q 2 values. This illustrates that the PDF uncertainties are largest at low Q 2 and at low-x. PDF uncertainties are also large at very high-x but this kinematic region is not important for scattering of high energy neutrinos.
In QCD at leading order, the longitudinal structure function F L is identically zero, and the structure functions F 2 and xF 3 for neutrino interactions on isoscalar targets can be identified with quark distributions as follows:
Similarly for antineutrino interactions,
Assuming, s =s, c =c, b =b, we obtain F ν 2 = Fν 2 , whereas xF
At NLO these expressions must be convoluted with appropriate coefficient functions (such that F L is no longer zero) but these expressions still give us a good idea of the dominant contributions. Note however that the b contribution will be very suppressed until In Figure 2 we show predictions for the neutrino structure functions F Figure 3 we show the antineutrino structure function xFν 3 . In order to illustrate the potential impact of the b contribution, these were calculated using the coefficient functions of the zero-mass variable flavour number scheme with (lower panels) and without (upper panels) the b contribution. Note that the input PDFs were still determined using the general mass variable flavour number scheme.
The predictions for F 2 and F L are somewhat suppressed without the b contribution, as is expected since the contribution of b to F 2 is at most 20%. However, the effect on xF 3 is much more dramatic. This can be understood by considering the LO expressions
At low-x the valence contributions are close to zero, while the strange and charm sea are of opposite sign and nearly equal, such that xF 3 is nearly all b quark and xF ν 3 ∼ −xFν 3 . Even though there are dramatic differences in predictions for xF 3 with and without the b contribution, this does not lead to significant differences in the νN andνN cross-sections because, at low-x, xF 3 < ∼ F 2 /5, and the y dependence suppresses the contribution of xF 3 further. The b contribution to the reduced cross-section integrated over y is always less than ∼ 25%. However, in practice it is even more suppressed for CC processes since b is important only at higher Q 2 (≫ M 2 t ) because of the t threshold. Furthermore, in the total cross-section, the W propagator suppresses the contribution of the kinematic region
t are suppressed very significantly. Figure 4 shows the predictions for the reduced neutrino cross-sections as a function of x for various Q 2 values above and below M have been calculated using the coefficient functions of the general-mass variable flavour scheme and are given for two representative values of the neutrino energy: s = 3.6 × 10 7 GeV 2 (⇒ E ν = 1.9 × 10 7 GeV) and s = 10 10 GeV
2
(⇒ E ν = 5.3 × 10 9 GeV). We do not show the antineutrino cross-sections separately because these are very close to the neutrino cross-sections at high energy. This is because the dominant structure function is F ν 2 = Fν 2 , and although, xF ν 3 ∼ −xFν 3 , the structure function xF 3 contributes with opposite sign in the neutrino and antineutrino cross-sections such that the net contribution of xF 3 is the same.
The restriction on the lowest value of x probed for each Q 2 value is explained by the effect of the kinematic cut-off, y < 1: since, x = Q 2 /sy, we must have, x > Q 2 /s. This kinematic cut-off ensures that higher Q 2 values do not probe very low-x until the neutrino energies are very high indeed. These figures illustrate which regions of x and Q 2 contribute most strongly to the reduced cross-section for the different neutrino energies. The dominant contributions come from 50 < ∼ Q 2 < ∼ 10 4 GeV 2 (where the exact region moves up gradually with s); the contribution of higher
is suppressed by the W -propagator. For the lower energy E ν = 1.9 × 10 7 GeV, the important range is 10 −6 < ∼ x < ∼ 10 −3 , while for the higher energy E ν = 5.3 × 10 9 GeV, this moves down to 10 −8 < ∼ x < ∼ 10 −4 . The PDF uncertainties are large at low-x and low Q 2 , but since the dominant contributions to the cross-section do not come from very low Q 2 values, the PDF uncertainty on the total neutrino cross-section is quite small even at the highest energies considered here: s = 10 12 GeV 2 . The total neutrino cross-sections are now obtained by integrating the predicted double differential cross-section
The total CC cross-section at ultra high energies for neutrinos (left) and antineutrinos (right) along with the ±1σ uncertainties (shaded band), compared with the previous calculation by Gandhi et al [15] .
agreement is quite good, given in particular that our predictions are made for Q 2 > 1 GeV 2 (since perturbative QCD cannot be used at lower values); for s < ∼ 100 GeV 2 , there can be contributions of O(10%) from even lower values of Q 2 which are not accounted for here. However there are also corrections for nuclear shadowing which ought to suppress the cross-section by a comparable amount. A recent discussion of such effects can be found in ref. [44] . The trend of the PDF uncertainties can be understood as follows: as one moves to lower neutrino energies one moves out of the very low-x region such that PDF uncertainties decrease. These uncertainties are smallest at 10
Moving to yet lower neutrino energies brings us into the high-x region where PDF uncertainties are larger again. 
FIG. 6:
The total CC cross-sections at medium energies for neutrinos and antineutrinos compared with with the previous calculation by Gandhi et al [15] and with selected experimental data.
IV. CONCLUSIONS
We have calculated the charged current neutrino cross-section at NLO in the Standard Model using the best available DIS data along with a careful estimate of the associated uncertainties. As mentioned earlier, there are further uncertainties associated with QCD effects at very low x which are not addressed in the DGLAP formalism. When x is sufficiently small that α s ln(1/x) ∼ 1, it is necessary to resum these large logarithms using the BFKL formalism. Whereas such calculations at leading-log suggest an even steeper rise of the gluon structure function at low x (which would imply a higher ν − N cross-section), this rise is not so dramatic at next-to-leading-log; for a recent application of NLL BFKL resummation to deep inelastic scattering see [45] . Moreover both the DGLAP and the BFKL formalisms neglect non-linear screening effects due to gluon recombination which may lead to saturation of the gluon structure function. This has been modelled in the colour dipole framework in which DIS at low x is viewed as the interaction of thedipole to which the gauge bosons fluctuate. An unified BFKL/DGLAP calculation [46] supplemented by estimates of screening and nuclear shadowing effects, predicts a decrease of the ν −N cross-section by 20 − 100% at very high energies E ν ∼ 10 8 − 10 12 GeV [47] . An alternative approach uses the colour glass condensate formalism [12] and predicts a similar suppression when a dipole model [48] which fits data from RHIC is used [49] . The predicted cross-section is even lower [49] if a different dipole model [50] developed to fit the HERA data is used and the gluon distribution is assumed to decrease for x < 10 −5 . Other possibilities for the behaviour of the high energy ν − N cross-section have also been discussed [14, 51] .
Detectors for UHE cosmic neutrinos would be able to probe such new physics if they can establish deviations from the perturbative DGLAP prediction. Hence we recommend our calculated values for estimation of the baseline event rates in neutrino telescopes and for use in event generators such as ANIS [52] . While the expected neutrino fluxes (e.g. from the sources of the observed high energy cosmic rays) are rather uncertain, experiments can in principle exploit the different dependence on the cross-section of the rate of Earth-skimming and quasi-horizontal events [25] .
